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INVESTIGATION OF THE PLASMA B E H A V I O R  

L .  L .  Pasichnyk and A. A .  Ovcharc-iko 

I N  AN-AC E L E C T R I C  F I E L D  PART 2 L 

ABSTRACT: I n  t h i s  paper t h e  r e su l t s  of an inves t iga t ion  of 
t h e  behavior of  a plasma i n  the presence of both an ac  e l ec -  
t r i c  f i e l d  and a magnetic f ie ld  a r e  presented. T h e  r e l a t i v e  
change i n  the a c  e l e c t r i c  f ie ld  i n  t h e  discharge chamber w i t h  
plasma was measured under d i f f e ren t  magnetic f i e l d  i n t e n s i t i e s  
(0-1200 o e , )  plasma dens i t ies  (108-10’o ~ m - ~ ) ,  gas pressures  

5 6 (10-’-10-2 t o r r )  and frequencies (1.5 X 10 
Comparison of t h e  experimental da t a  w i t h  t h e  t heo re t i ca l  
ca lcu la t ions  shws t h a t  t h e  ion component of t h e  plasma m u s t  
b e  taken in to  account. 

t o  1.5 X 10 Hz). 

In  the  first p a r t  of t h i s  paper [ l ]  t h e  experimental  set-up and t h e  /2029 
measurement technique were described, and the  behavior of  a plasma i n  an a c  
e l e c t r i c  f i e l d  b u t  i n  the  absence o f  a magnetic f i e l d  was s tud ied .  

I t  is wel l  known t h a t  t he  high frequency p rope r t i e s  of t h e  plasma change 
i n  t h e  presence of a s u f f i c i e n t l y  s t rong magnetic f i e l d .  On t h i s  b a s i s ,  we 
have inves t iga t ed  the  plasma behavior i n  an ac e l e c t r i c  f i e l d  f o r  t h e  case 
when the  plasma i s  a l s o  placed i n  a longi tudinal  magnetic f i e l d  H up t o  
1200 oe,  and whose d i r e c t i o n  i s  perpendicular t o  t h a t  of the  e l e c t r i c  f i e l d .  I 

I Just as  i n  [ l ] ,  t h e  i n t e n s i t y  U ( r )  a t  the  output  of  t h e  measuring 

c i r c u i t  was measured i n  proport ion t o  the i n t e n s i t y  of t he  ac  e l e c t r i c  f i e l d  
i n  t h e  plasma. These values  U ( r )  were compared with the  t h e o r e t i c a l  

Ur ( r )  = yUo(r) , where U o ( r )  i s  the  in t ens i ty  at the  output o f  t he  measuring 

c i r c u i t  i n  the  absence of plasma and y is the  r a t i o  of t h e  i n t e n s i t y  of t h e  
ac e l e c t r i c  f i e l d  i n  plasma t o  the  in t ens i ty  i n  vacuum. 

P l  

P l  
P l  

~ 

I 

In  o rde r  t o  compute y it is  necessary t o  f i n d  the  complex impedance of  P l  the  plasma l aye r  as e s t ab l i shed  by the  corresponding complex permi t iv i ty  E 

and admittance CI 

our  case only the  r a d i a l  component of a magnetic f i e l d  i s  present .  
E and 0 a r e  expressed by the  t enso r ’ s  diagonal component of t h e  complex 
pe rmi t iv i ty  o f  t h e  plasma. 

which i n  a magnetized plasma are t e n s o r  values .  In  
PI ’  

Therefore, 

4 nu 
C ; ~ = = P ~ ~ - ~ - = C ~ - I  4*,. . -. P l  

0 0 

* Numbers i n  the  margin ind ica t e  pagination i n  the  fore ign  t e x t .  
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i n  [2] ,  we write i n  a hydromagnetic approximation: Using t h e  expression f o r  E '  
xx . 

~ - _  -~ -~ 

p l  = 1 - (a, t a,) N. E / -  

I 

where N i s  the  plasma dens i ty ,  e i s  t h e  e l ec t ron  charge,  m 

masses o f  the  e l ec t ron  and o f  the  ion respec t ive ly ,  W = 2 1 ~ f  i s  the  opera t ing  
frequency, 

V. are t h e  e f f e c t i v e  c o l l i s i o n  frequencies of  e l ec t rons  and ions  with gas 

a t  oms r e spec t ive ly  . 

and mi are the  /2030 e 

and WBi are t h e  e l ec t ron  and ion cyclotron f requencies ,  Ve and 'Be 

1 

In  t h e  presence o f  a magnetic f i e l d ,  t h e  plasma is e s s e n t i a l l y  he t e ro -  
generous i n  i t s  cross  sec t ion  due t o  the cont rac t ion  o f  t h e  plasma cord.  
the case when y is  computed, t h e  heterogenei ty  of t h e  plasma can be taken i n t o  
account by d iv id ing  the  plasma l aye r  into a number (k) of l a y e r s ,  each o f  
which is  assumed t o  be uniform. The equivalent  c i r c u i t  diagram f o r  t h i s  case 
i s  shown i n  Figure 1. In t h i s  case E and u are the  pe rmi t iv i ty  and admit- 

t ance  of t h e  i - t h  layer .  
then t h e  t o t a l  impedance of t h e  whole c i r c u i t ,  we obtain t h e  following 
expression f o r  yi(k = 10):  

I n  

i i 
Having computed the  impedance of each l a y e r  and 

where r and r a r e  t h e  inne r  and outer  r a d i i  o f  t he  i n s u l a t i n g  l a y e r  nea r  

t he  core ,  while  r12 and r13 are the inner  and o u t e r  r a d i i  o f  t he  i n s u l a t i n g  

l a y e r  n e a r  t h e  wall. 

k 2 

The values  of t he  plasma concentration N ,  necessary f o r  t h e  computation 
of y, are found from probingmeasurements. Since i n  a magnetic f i e l d  the  
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c 
usual  probing methods a r e  not  appl icable ,  the  Boehm formula was used t o  
express t h e  dens i ty  [3]: 

Thus, i f  we know the  d i s t r i b u t i o n  o f  t h e  plasma dens i ty  along t h e  d i s -  

where j+ i s  the  ion  sa tu ra t ion  cu r ren t ,  m 

temperature,  k i s  the  Boltzmann constant.  

i s  t h e  ion mass, T i s  t h e  e lec t ron  i e 

Figure 1 

I t  is assumed t h a t  t he  values  o f  the e l ec t ron  temperature en te r ing  i n t o  
the  formula a r e  equal t o  those  achieved under experimental condi t ions (d is -  
charge cu r ren t ,  gas pressure)  a t  H = 0 .  

The e r r o r  generated by the  inaccuracy of Te is n e g l i g i b l e  s i n c e  T en te r s  e 
i n t o  (3) t o  the  1 / 2  power. 

the  a x i s ,  t o  f i n d  U' (r) and t o  compare it with the  experimental r e s u l t  U 

Under our  experimental conditions various p o s s i b i l i t i e s  can occur 2 s  
follows from analys is  of the  cor re la t ions  i n  (1) , and t h e i r  experimental v e r i f i -  
ca t ion  is of i n t e r e s t .  
which depends on the  co r re l a t ion  between W ,  WBe,  Ve, and a l s o  W, WBi,  Vi, can 

be i n t e r p r e t e d  from t h e  r e a c t i v e  E 

complex impedancec.of the  plasma. 

themselves can i n  various cases be expressed not  only i n  terms of an e l ec t ron  
component b u t  a l so  include t h e  ion  component of t he  plasma, and i n  some occas- 
ions the  inf luence  o f  t h e  ion  component predominates. 

f i e l d s  H - 100 oe. 

f o r  the  maximum values of W and V 

a r e s u l t ,  a 

(r) . P l  P l  

The behavior of the  plasmain - an ac e l e c t r i c  f i e l d ,  I 

and t h e  a c t i v e  u components of the  

and u 
P l  P l  

P l  
I t  i s  c h a r a c t e r i s t i c  t h a t  t he  E: 

I Pl  

The increase  of t h e  

WBe a r e  a l ready v a l i d  even 
I 
I 

in f luence  of the  ion  components i s  explained by the  f a c t  t h a t  i n  weak magnetic 
The co r re l a t ions  H Q WBe, Ve 

under t h e  condi t ions of our  experiment. As 
2 ~* e 

e and Be a r e  proport ional  t o  1 / H  (See ( 1 ) ) .  ~ 
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4 The condi t ion W WBi f o r  t h e  ions i s  s a t i s f i e d  only when H > 10 e ,  

* t h e r e f o r e  ai and B .  a r e  much l e s s  s ens i t i ve  t o  changes i n  H than a and €3,. 
1 e 

Figure 2 shows the  experimental U (r) (curves 1, 2) and ca l cu la t ed  

(curves l ' ,  2 ' )  p l o t s  of  the  in t ens i ty  a t  the  output of t he  measuring 
Pl 

U' 
c i r c u i t  as a funct ion of  the d is tance  of  the  measuring d ipole  from the  d i s -  
charge chamber ax is  a t  various plasma dens i t i e s  N 

s i t y  a t  t h e  d is tance  r = 1 cm) . 

P l  

(No being the  plasma den- 
0 

Since here  t h e  condi t ions ae < ai and Be < Bi a r e  s a t i s f i e d ,  t he  behavior  

o f  t he  plasma i n  an ac e l e c t r i c  f i e l d  is  conditioned by t h e  motion o f  t he  
ions.  I t  i s  s u f f i c i e n t l y  c l e a r  t h a t  the  ca l cu la t ed  and t h e  experimental 
curves,  e s s e n t i a l l y  d i f f e r  from t h e i r  analogous curves . for  H = 0 as presented 
i n  [l], where H as a funct ion o f  the  dis tance from the  ax i s  behaved as l/r 
approximately. Such a sharp change i n  the charac te r  o f  t h e  funct ion U (r) /2032 

i s  explained by the  r ea l loca t ion  of t h e  ac i n t e n s i t y  between plasma l aye r s  
which i s  conditioned by the  ac tua l  gradient o f  t he  plasma dens i ty  along t h e  
r ad ius  (see Figure 3 ) .  

-~ P l  

In t h e  case described, t h e  r e a c t i v e  p a r t  of t he  plasma 
impedance is ~ character ized by: 

- 

Figure 2 Figure 3 

4 



r 
Figures 4 and 5 show the  experimental (curves 1, 2 ,  3) and ca l cu la t ed  

r * ( I 1 ,  2 ' )  funct ions u (r) 9 u (r) 9 f o r  the condi t ion when t h e  plasma P l  P l  
acts as an inductance. 
i s  tha t  i n  the  first case (Figure 4) the bas i c  cont r ibu t ion  t o  t h e  complex 
impedance i s  governed by the  ac t ive  component (a B . )  while i n  the  o t h e r  case 

(Figure 5) the  converse occurs (ai > B i ) .  
e l ec t ron  component t o  E and o 

The c h a r a c t e r i s t i c  d i f fe rence  between these  two cases 

i 1 

can be ignored (a e << a i' Be < Bi). 

A s  before ,  t he  cont r ibu t ion  o f  the  

P l  P l  

Figure 5 

We s e e  t h a t  i n  both cases  the  calculaeed funct ions U' (r) c o r r e c t l y  
P l  

represent  the  shape of the  experimental funct ions U 

second case (Figure 5) the  ca lcu la ted  function i s  loca ted  much h igher  than 
the  experimental one. This means t h a t  the complex impedance of t he  plasma 
i s  e s s e n t i a l l y  l e s s  than can be concluded from the  ca l cu la t ion .  

(r), although i n  the  
P l  

A value of  the  ca lcu la ted  U' (r) of the  order  o f  1-1 /2  t o  3 t imes the  
P l  

experimental one was observed as  a r u l e  i n  a l l  cases when t h e  frequency was 
W = 10 sec-l. 
ca l cu la t ed  and the  experimental r e s u l t s  do not  i n  general  exceed 30-SO%, the  

ca l cu la t ed  curves Ur (r) being loca ted  both above and below t h e  experimental 

ones ( see  Figures 2 ,  4). 

7 6 -1 A t  t he  frequency W = 10 sec  , t h e  d i f fe rences  between the  

P l  

~ 

We note  t h a c t h e  differences between the  experimental and ca l cu la t ed  
funct ions a t  W = 10 s e c  cannot be explained by experimental e r r o r s  say ,  
e r r o r s  i n  measurement of plasma densi ty  r e l a t e d  t o  the  use of t h e  probing 
methods i n  the  magnetic f i e l d .  

9 10 -3 5 x 10 and 2 x 10 cm 

7 -1 

The calculat ions made f o r  d e n s i t i e s  

do not  show b e t t e r  agreement with t h e  experiment. 

I s) atw 3 10 sec-' has  not  been resolved 
The reasons for t he  do-- ase i n  the complex impedance of t h e  plasma 

7 (when compared t o  t h e  ca k c  

y e t .  
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I t  should be mentioned t h a t  no notable  effects were observed 
experimentally i n  connection with the  resonance i n  the  c i r c u i t  c r ea t ed  by 

wall (capac i tance) .  
T h e  plasma (inductance) and t h e  in su la t ing  l aye r s  nea r  t h e  core  and nea r  t h e  

When the  plasma dens i ty  is increased,  i . e . ,  a constant  decrease i n  /2033 
U (r) t akes  p l ace  although i n  accordance with t h e  computation the  values o f  
P l  

U' (r) m u s t  pass through a maximum. 
P l  

I t  is  t r u e  t h a t  i n  some cases ( see  Figure 4) t he  values of U (r) a t  

r = 2-3 cm exceed the  value o f  U o ( r ) ,  i . e . ,  t h e  i n t e n s i t y  of  t h e  f i e l d  i n  

plasma is  h igher  than when plasma is absent however, it is necessary t o  take  
i n t o  account t h a t  such an excess of U (r) over U (r) can be a t t r i b u t e d  t o  a 

l a r g e  e x t e n t  t o  the  r e a l l o c a t i o n  of  the ac f i e l d  caused by t h e  heterogenei ty  
o f  t h e  plasma along t h e  rad ius .  

P l  

P l  0 

The a fo resa id  experimental r e s u l t s  on the  whole confirm the  f e a s i b i l i t y  
o f  t h e  hydromagnetic approximation f o r  a desc r ip t ion  o f  t h e  behavior of 
plasma i n  an ac e lec t r ic  f i e l d  both i n  the  presence and i n  the  absence o f  a 
magnetic f i e l d .  

These r e s u l t s  a l s o  ind ica t e  the  necess i ty  o f  tak ing  i n t o  account the  
inf luence  o f  t h e  ion component when the  high frequency p rope r t i e s  of plasma 
i n  a magnetic f i e l d  are considered. 

In  conclusion, t h e  authors  express t h e i r  g r a t i t u d e  t o  V . N .  Orayev'kiy f o r  
t h e  u s e f u l  discussion of t he  work. 
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